Decidual natural killer (dNK) cells have been shown to both promote and inhibit trophoblast behavior important for decidual remodeling in pregnancy and have a distinct phenotype compared to peripheral blood NK cells. We investigated whether different levels of oxygen tension, mimicking the physiological conditions of the decidua in early pregnancy, altered cell surface receptor expression and activity of dNK cells and their interactions with trophoblast. dNK cells were isolated from terminated first-trimester pregnancies and cultured in oxygen tensions of 3%, 10%, and 21% for 24 h. Cell surface receptor expression was examined by flow cytometry, and the effects of secreted factors in conditioned medium (CM) on the trophoblast cell line SGHPL-4 were assessed in vitro. SGHPL-4 cells treated with dNK cell CM incubated in oxygen tensions of 10% were significantly more invasive (P , 0.05) and formed endothelial-like networks to a greater extent (P , 0.05) than SGHPL-4 cells treated with dNK cell CM incubated in oxygen tensions of 3% or 21%. After 24 h, a lower percentage of dNK cells expressed CD56 at 21% oxygen (P , 0.05), and an increased percentage of dNK cells expressed NKG2D at 10% oxygen (P , 0.05) compared to other oxygen tensions, with large patient variation. This study demonstrates dNK cell phenotype and secreted factors are modulated by oxygen tension, which induces changes in trophoblast invasion and endovascular-like differentiation. Alterations in dNK cell surface receptor expression and secreted factors at different oxygen tensions may represent regulation of function within the decidua during the first trimester of pregnancy.
INTRODUCTION
A healthy pregnancy is dependent on interactions between fetal placental trophoblast cells and maternal cells of the uterine wall (decidua). During the first 12 wk of pregnancy, extravillous trophoblasts (EVT) invade the decidua and remodel uterine spiral arteries from high-resistance, low-flow vessels to high-flow vessels to supply nutrients to the growing fetus. Failure to adequately remodel these vessels has been associated with pregnancy disorders including pre-eclampsia and miscarriage [1] . Decidual natural killer (dNK) cells are the most abundant leukocyte in the decidua [2] and are distinct from peripheral blood (pb)NK cells due to their low cytotoxicity and high cytokine-secreting activity [3] . This unique phenotype may aid immune tolerance of the semiallogeneic fetus and play a key role in regulation of the trophoblast-dependent process of spiral artery remodeling.
Decidual NK cells have been shown to both promote and inhibit trophoblast behavior important for the spiral artery remodeling such as motility, invasion, and chemotaxis [4] [5] [6] . The phenotype of dNK cells, which is distinct compared to that of pbNK cells, is marked predominantly by CD56 bright , a lack of CD16 expression, and higher expression of certain cell surface receptors including LILRB1, KIRs, NKp46, and NKp30 [7, 8] . The reasons for differences between dNK cells and cytotoxic pbNK cells are still unknown; however, the decidual microenvironment may play a key role in modulation of the dNK phenotype.
During the first trimester of pregnancy, the fetus and placenta develop in a low-oxygen environment, in which a steep rise in oxygen tension is correlated with increasing gestational age between 10 and 12 wk, from approximately 20 to 60 mm Hg (2%-10% oxygen) [9] . Although this range is referred to as hypoxia, it is in fact normoxic for the implantation site [10] . Because the decidua is a vascularized tissue, it is more oxygenated than the placenta, but similarly to the placenta, oxygen levels in the decidua rise between 10 and 12 wk of gestation from approximately 50 to 70 mm Hg (approximately 8%-12% oxygen [9] ), although other investigators have estimated higher oxygen pressures, affecting cells adjacent to the spiral arteries at 90-100 mm Hg (approximately 20% oxygen) [11] . However, in the part of the decidua closest to the intervillous space, oxygen levels are affected by spiral artery plugging by trophoblast, and oxygen is thought to be reduced compared to the rest of the decidua, forming a steep decreasing oxygen gradient from the arteries to the intervillous space [10] . This decreasing oxygen gradient effects trophoblast behavior, and oxygen modulation has been shown to be important for differentiation of proliferating cytotrophoblasts in cell columns into invasive EVT [12] .
The oxygen gradient may also have an impact on dNK cells surrounding plugged spiral arteries and may influence their interactions with trophoblast. This has been indicated by the induction of pbNK cells into a dNK-like phenotype with a combination of factors mimicking the decidual environment, including hypoxia and TGF-b, and the evidence that dNK cells lose decidual features and gain cytotoxicity upon long-term culture [13] . In other examples of low-oxygen environments such as the hypoxic tumor microenvironment, NK cells display decreased cytotoxicity [14, 15] and modulation of cell surface receptors [15] . In this study we aimed to investigate the effects that oxygen tensions at approximately 2%, 8%, and 20%, mimicking physiological conditions of different areas of the decidua, had on the phenotype and activity of dNK cells.
MATERIALS AND METHODS

Tissue Collection
Decidual tissue was collected from women attending a clinic for termination of pregnancy in the first trimester, as previously described [16] , at the Fetal Medicine Unit, St. George's Hospital. Ethics committee approval and full written consent were obtained. Inclusion criteria were singleton pregnancy, gestational age of 6-13 wk, normal fetal anatomy, and nuchal translucency thickness with no known maternal medical condition or history of recurrent miscarriage.
Decidual Natural Killer Cell Isolation
Decidual NK cells were isolated as previously described [6] . Briefly, decidual tissue was minced and digested in serum-free M199 medium containing 2 mg/ml collagenase and 0.1 mg/ml DNase overnight with constant agitation at room temperature. Resultant tissue digest was passed sequentially through 100-lm and 70-lm filters and layered onto Ficoll-Paque (GE Healthcare Life Sciences, Buckinghamshire, U.K.). The buffy layer was collected, and cells were resuspended in 10 ml of dNK cell culture medium (phenol red-free RPMI 1640 medium supplemented with 10% [v/v] fetal bovine serum [FBS] containing 2 mmol/L L-glutamine, 100 IU/ml penicillin, 100 lg/ml streptomycin, and 2.5 lg/ml amphotericin) and plated on cell culture dishes in a 378C incubator for 15 min. Nonadherent cells containing the dNK cell fraction were then purified by negative selection using a MagCellect human NK cell isolation kit (R&D Systems, Abingdon, U.K.) according to the manufacturer's instructions. Purity of cells as measured by CD56-positivity was, on average, 95.7 6 0.92%, and viability immediately upon isolation was 96.5 6 0.38% (n ¼ 33), as assessed by fixable viability dye (eBioscience, Hatfield, U.K.).
Cell Culture
SGHPL-4 cells are a well-characterized extravillous trophoblast cell line derived from primary human first-trimester EVT [17] . SGHPL-4 cells were cultured in Hams F10 medium (Sigma-Aldrich, Dorset, U.K.) supplemented with 10% (v/v) FBS containing L-glutamine (2 mmol/L), penicillin (100IU/ml), and streptomycin (100 lg/ml; Invitrogen, Paisley, U.K.). All cells were incubated with 95% air and 5% CO 2 at 378C in a humidified incubator. Decidual NK cells were cultured at 1 3 10 6 cells/ml in RPMI 1640 medium (Invitrogen) with 10% (v/v) FBS containing 2.5 lg/ml amphotericin B (SigmaAldrich), 2 mM L-glutamine, 50 lg/ml penicillin, and 50 lg/ml streptomycin (Invitrogen), 50 ng/ml stem cell factor and 5 ng/ml interleukin-15 (IL-15; Peprotech, London, U.K.) at 378C.
Oxygen Culture
Decidual NK cells at a concentration of 1 3 10 6 cells/ml were cultured in flasks placed inside sealed blood bags (Baldwin Medical Supplies, Knoxville, VIC, Australia) flushed with 1% oxygen (O 2 ) with 5% CO 2 in N 2 , 8% O 2 with 5% CO 2 , or 20% O 2 with 5% CO 2 in N 2 as previously described [18] . Over a 24-h period, this gave average O 2 concentrations of 2.7% 6 0.35, 9.8 6 0.21% and 20.9 6 0.07%, respectively, as measured with a Pac 7000 model oxygen monitor (Draeger Healthcare, Germany [see Supplemental Fig. S1 ; available online at www.biolreprod.org] n ¼ 3). This has been rounded up to 3%, 10%, and 21% in this article. Viability of dNK cells did not differ between treatments as assessed by fixable viability dye (eBioscience;). Decidual NK cellconditioned medium (CM) was collected after 24 h, and to ensure any downstream applications were not altered by O 2 concentration, medium was concentrated 103 by using a 6-ml Vivaspin column (Sartorius Stedim, Surrey, U.K.) and rediluted with fresh medium for use. dNK cells were used for flow cytometry.
Flow Cytometry
Freshly isolated and O 2 -cultured dNK cells were resuspended in 1 ml of phosphate-buffered saline (PBS) and stained with fixable viability dye Efluor 780 according to the manufacturer's instructions (eBioscience). Cells were then washed in Fluorescence-activated cell sorting (FACS) buffer (PBS with 0.5% [w/v] bovine serum albumin, 0.05% [w/v] sodium azide) and blocked in 1 lg/ ml human immunoglobulin G (IgG). A sample of 2 3 10 5 cells were resuspended in 100 ll of FACS buffer, and cells were labeled using the following antibodies: mouse anti-human CD56-Alexa Fluor 488, mouse antihuman CD158b (KIR2DL2/S2)-PE, mouse anti-human NKG2D-APC, mouse anti-human NKp46-PE, mouse anti-human NKp30-PE (BD Pharmingen), mouse anti-human CD3-PerCP, mouse anti-human KIR2DL1/S1-APC (eBioscience), and mouse anti-human LILRB-1/ILT2/CD85j-APC. The following isotype controls were used: mouse IgG1 j-Alexa Fluor 488, mouse IgG2b j-PE, mouse IgG2a j-APC, mouse IgG2b j-APC, mouse IgG1 j-APC, mouse IgG1 j-PE (eBioscience), and mouse IgG1 j-PerCP (BD Pharmingen).
Invasion Assay
The effect of dNK cell CM from cells cultured at different O 2 concentrations on trophoblast invasion was measured as previously described [6] . Briefly, SGHPL-4 cells were cultured in three-dimensional (3D) spheroids and resuspended in 100 ll of fibrin gel (2.5 mg/ml fibrin, 100 U/ml aprotinin, 1.25 U/ml thrombin) in separate wells of a 96-well plate. Decidual NK cell CM from cells cultured at different O 2 concentrations, as described, was added to each well with a control consisting of dNK culture medium with 50 ng/ml stem cell factor and 5 ng/ml IL-15. Spheroids were visualized after 24-h incubation, using an IX81 model inverted microscope (Olympus, Tokyo, Japan), and images were captured using a C4742-95 model digital camera (Hamamatsu, Tokyo, Japan). Invasion was measured as the average number and length of all invasive processes from each spheroid, using ImageJ version 1.47d software (U.S. National Institutes of Health, Bethesda, MD).
Chemotaxis Assay
SGHPL-4 cell chemotaxis toward dNK cell CM from cells cultured at different O 2 concentrations was measured as previously described [6] using the l-Slide chemotaxis 2D assay (Ibidi, Martinsried, Germany) according to the manufacturer's instructions. Analysis of chemotaxis and motility was carried out by time-lapse microscopy using a IX81 model inverted microscope with motorized stage and cooled charge-coupled device camera (Olympus) and enclosed in a heated, humidified chamber at 378C with 5% CO 2 in air. Images were taken every 15 min for 24 h, and time-lapse sequences were analyzed using ImageJ version 1.43u software (NIH) with the manual tracking and chemotaxis tool (version 1.01) plug-ins.
Trophoblast Network-Formation Assay
The ability of SGHPL-4 cells to form endothelial-like ''tube'' networks on Matrigel (BD Pharmingen, Oxford, U.K.) in the presence of dNK cell CM from cells cultured at different O 2 concentrations was assessed using a l-Slide angiogenesis assay according to the manufacturer's instructions and assessed by total branch length at 8 h, which took into account the length and number of branches formed.
Statistics
Data were analyzed where appropriate with Friedmann nonparametric ANOVA with Dunn multiple analysis post hoc test, using Prism version 6.01 software (GraphPad, La Jolla, CA).
RESULTS
Differences in Oxygen Tension Do Not Alter dNK Cell CM Effect on Trophoblast Motility or Chemotaxis
To determine whether different oxygen tensions alter the ability of dNK cells to induce trophoblast motility and chemotaxis as previously shown [6, 19] , dNK cells were cultured in 3%, 10%, and 21% O 2 for 24 h, and medium was collected. Motility of the EVT-like cell line SGHPL-4 was not altered when incubated with CM collected from dNK cultured under different oxygen conditions (Fig. 1A, 3% O 
Decidual NK Cell CM Cultured at 10% O 2 Increases Trophoblast Invasion
We previously demonstrated that dNK cell CM was able to induce SGHPL-4 invasion [6] . We aimed to determine whether culturing dNK under different oxygen tensions altered the induction of SGHPL-4 invasion. Decidual NK cell CM cultured under all O 2 tensions induced SGHPL-4 invasion compared to control medium, and CM collected from dNK cultured in 10% O 2 induced significantly more invasion than CM collected from dNK cultured in 3% O 2 or 21% O 2 ( Fig.  2A , P , 0.05, 8.3 6 1.5-fold change over control in 3% O 2 ; 13.6 6 4.7-fold change in 10% O 2 ; and 10.8 6 3.9-fold change in 21% O 2 ).
Decidual NK Cell CM Cultured at 10% O 2 Increases Trophoblast Network Formation
Differentiation of EVT into endovascular endothelial-like cells lining the spiral arteries is the final step in trophoblast invasion into the decidua [20] . Decidual NK cells have been previously demonstrated to influence this [21] ; therefore, we examined whether this was regulated by the oxygen conditions under which dNK cells were cultured. SGHPL-4 network formation was enhanced by dNK cell CM cultured at all O 2 concentrations, and this was significantly increased after 8 h by dNK cell CM cultured at 10% compared to that at 21% O 2 ( Fig.  2B , P , 0.05; 2.3 6 0.5-fold change in total branch length compared to control in 3% O 2 ; 2.9 6 0.7-fold change in 10% O 2 ; and 2.3 6 0.6-fold change in 21% O 2 ). 
FIG. 2. Culture of dNK cells under different oxygen conditions alters the induction of trophoblast invasion and endothelial-like network formation. A)
SGHPL-4 cells were cultured to form spheroids, as shown, and embedded in fibrin gel. Length and number of invasive processes were measured after incubation with dNK cell CM to determine total outgrowth length, which was increased in response to dNK cell CM collected at 10% O 2 (*P , 0.05, n ¼ 10 repeats of the experiment with dNK from 10 individual patients, bar ¼ 100 lm). B) SGHPL-4 cells were cultured on Matrigel to induce endothelial-like network formation, which was assessed by counting the number and length of branches. Total length was increased in response to dNK cell CM cultured at 10% O 2 compared to those at 2.6% and 21% O 2 (*P , 0.05, n ¼ 4 repeats of the experiment with dNK from 4 individual patients, bar ¼ 500 lm). Data are means 6 SEM; ns ¼ not significant.
OXYGEN MODULATES dNK FUNCTION
Differences in Oxygen Tension Alter dNK Cell Surface Receptor Phenotype
To examine whether differing O 2 conditions altered the phenotype of dNK cells, flow cytometry was performed after 24 h of culture of dNK cells in 3%, 10%, and 21% O 2 and expression levels of CD56, NKG2D, NKp30, LILRB1, and KIR2DL1 were assessed, as signaling via these receptors has previously been demonstrated to stimulate key functions of dNK cells [22] [23] [24] . No differences in cell viability were observed over the time period between different O 2 concentrations (data not shown). Decidual NK cells are CD56 bright , and this was found to significantly decrease after culture in 21% O 2 compared to 3% or 10% O 2 ( Fig. 3, P , 0.05) . Expression of the activating receptor NKG2D was found to be significantly increased at 10% O 2 ( Fig. 3, P , 0.05) . Surface expression levels of NKp30, LILRB1, and KIR2DL1/S1 were not affected (Fig. 3) .
DISCUSSION
In the decidua, resident NK cells are exposed to oxygen gradients in the first trimester of pregnancy which are temporally and regionally altered depending on gestational stage and extent of spiral artery plugging by trophoblast. Different oxygen tensions have been demonstrated to affect cells at the maternal-fetal interface; for example, a low-oxygen environment alters differentiation of EVT [25] . Our evidence suggests that the expression of secreted factors by dNK cells 
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In this study, the chemotaxis and motility of SGHPL-4 cells induced by dNK cell CM were not altered by the oxygen tension in which dNK cells were cultured. However, invasion and differentiation into networks were increased when incubated with CM of dNK cells exposed to 10% oxygen. Decidual NK cells secrete a number of angiogenic factors and cytokines, including vascular endothelial growth factor (VEGF), leukemia inhibitory factor (LIF), and several interleukins [26] [27] [28] . The relative levels of these factors will alter the effect that the dNK cell has on trophoblast. For example, some cytokines expressed by dNK cells are critical to trophoblast chemotaxis, including IL-8 and CXCL10 [4] , whereas HGF has been demonstrated to be more important for trophoblast motility [19] . The invasion of trophoblast will also depend on their production of matrix metalloproteases (MMPs), which can be induced by dNK cell-secreted factors including IL-6 and IL-8 [29, 30] . Differentiation of EVT into endothelial-like cells involves the alteration of specific adhesion molecules and can be induced by the cytokine IL-8 [30] . Therefore, it would be relevant in larger future studies to determine how the factors secreted by dNK are altered under different oxygen conditions, and if absolute levels of secreted factors differ or if different cytokines and factors are secreted under different conditions. Additionally, a number of these factors including VEGF and pro-inflammatory cytokines are under the control of hypoxia inducible factor-1a (HIF-1a) in other innate immune cells [15, 31] , and activation of this may impact on the levels of many of these secreted factors [32] .
Decidual NK cells cultured at 20% oxygen were less able to promote SGHPL-4 cell invasion. This may reflect the fact that as trophoblast reach the higher oxygen conditions of the spiral arteries and the endpoint of their migration, promotion of invasion is less crucial, in a mechanism similar to the differentiation of the EVT seen at this oxygen tension [11] . However, this would also predict a greater extent of SGHPL-4 network formation induced by dNK cultured at 20% oxygen, when in fact we saw an increase at 10% oxygen in both invasion and network formation compared to both 3% and 21%. Although oxygen tension within the decidua alters with gestational age, we saw no differences in response of dNK cells isolated from a range of 6-13 wk in their responses to oxygen tension (data not shown). However, the effect of 10% oxygen on the ability of dNK cells to increase SGHPL-4 invasion and network formation may reflect subtle differences within the decidua depending on gestational age and position relative to plugged spiral arteries, as this may be the optimal oxygen conditions for dNK cells. We may also see additional effects if trophoblast were also cultured under the same oxygen conditions, which would be an interesting aspect to investigate further.
In addition to altered secretion of dNK factors, we determined there was a significantly lower percentage of CD56 bright dNK cells after 24-h culture in 21% oxygen. This was not due to increased cell death under these conditions, as the proportion of live cells remained the same in each condition. This finding is in line with other studies that showed that low-oxygen tensions of 2% induce CD56 bright expression [13] . A loss of CD56 expression could indicate a gain of cytotoxicity, as pbNK cells, which are CD56 dim , have been demonstrated to have increased cytotoxic capability at 20% oxygen [33] or could also imply a loss of the CD56 bright dNK phenotype. Culture of pbNK cells in hypoxia for periods of 7 days showed altered KIR and CD9 expression [13] ; however, in our studies, expression of no other cell surface receptor changed, with the exception of NKG2D. This may reflect the relatively short time of 24 hours they were kept in culture to ensure that the cells remained viable.
Expression of NKG2D on dNK cells was found to be significantly increased after 24 h-culture in 10% oxygen. NKG2D is an activating receptor which has previously been shown on dNK cells to be important in the secretion of cytokines including IL-8 and IFN-c [23] , as well as the gain of cytotoxicity during viral infection [34] . NKG2D expression has been demonstrated to increase with gestational age in the first trimester of pregnancy [35] , and this study indicates this may be related to oxygen levels. The outcome of increased NKG2D expression on dNK cells in 10% oxygen is unclear, but it may lead to increased signaling through this receptor, which could result in an altered cytokine secretion profile. Indeed, different dNK cytokine profiles have been demonstrated at different gestational ages [36] . Alternatively, increased NKG2D expression could lead to increased cytotoxicity [37] . This receptor has been previously implicated in the pathology of recurrent miscarriage, and as oxidative stress also upregulates the ligand of NKG2D [38] , the importance of oxygen in the cell surface expression of this receptor should be further investigated. It may be interesting to investigate in the context of hypoxiaoxygenation, as this has been associated with pregnancy disorders [39] .
Many aspects of the decidual environment will shape receptor expression and function of dNK cells, for example, decidual stromal cell ligand presentation [34] and secreted factors including TGF-b [13] , IL-15 [40] , and prolactin [41] . This study demonstrates that oxygen is also important in modulation of dNK cell surface receptor repertoire as well as the factors they secrete. Alterations in dNK cell surface receptor expression and secreted factors at different oxygen tensions may represent an additional level of local and gestational age-dependent regulation of function within the decidua during the first trimester of pregnancy.
